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INTRODUCTION

The California Department of Transportation has been active in
the study of highway related noise since 1954, At that time,
freeways were considered a marvel of the time and traffic noise

. was not generally realized to be a problem.

Today freeways crisscross most urban areas and the public has
become acutely aware of the noise that is generated by vehicles
using the freeways. This awareness was first manifested to
highway departments in the form of complaints. More recently,
vehicle noise has become a focal point in community resistance

to the construction of new highways.

This research project was begun in 1966 in response to numerous
public complaints of wvehicle noise. The objectives of the
research project were to develop better methods of evaluating,
predicting, and controlling traffic noise near highways. 1In
1969, the project was expanded to include evaluation of both

the traffic noise source and its effects near highways. The
project's first interim report was published in 1968 (l). It
laid the foundation for traffic noise analysis within California.
A second interim report was published in 1973 (2) and presented
a formal method of measurihg highway noise. It also discussed
noise barriers. This report concludes:the project. It formalizes
the barrier prediction methodology previously presented and lays
a foundation for a more rigorous approéch to the prediction of
transportation noise. '

The report first addresses itself to the parameters used to
measure and describe noise. It then discusses the noise generated
by highway vehicles or "noise emission models" and the free field

dispersion of that noise or "Noise Propagation Models". The
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majority of the report is dedicated to the blocking of noise
transmission paths by noise barriers. There are ancillary
notes on noise reflections, ground and atmospheric effects

as well as recommendations for further study.

CONCLUSTIONS AND RECOMMENDATIONS

Noise Parameters

It waé found impractical to use a single number parameter as a
complete descriptor of the noise environment. The eguivalent
noise level (Leq) was a good descriptor of overall or "average"
noise, but it did not correlate as well with annoyance as d4did
maximuy lewvels (Lmax)‘ Tt was decided that both Leq and Lmax
should be used as descriptors of the noise environment, and

that the freguency of occurrence of the maximum levels may also

be of concern.

Noise Emission Models

A generalized noise soﬁrée model based on drive-by tests and
the literature was developed. It was found necessary to use
twe~e§uatiens in the model. The first equation represents

+ires and other nonpower plant oriented noise sources. The

second eqguation represents power plant oriented noise sources.

The sum of these equations clogely fits experimental data for

yehicle speeds frem idle te 75 miles per hour. This type of
modeling will become more and more necessary in the future as
the onus for noise reduction alternates between the automobile

industry and *the tire manufacturers.

www fastio.com
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Propagation Models

The California Maximum Level Propagation Model has been in the
literature for many years. Aan Leq based propagation model was
recently developed. Although it was developed independently,
other investigators are working with the same basic egquation
(3,4).

Barrier Attenuation

The majority of the research effort went into the study of
traffic noise barriers. A method of predicting the effective-
ness of barriers in attenuating maximum noise levels was
developed. The attenuation in terms of Leq was not studied
although it is recommended that this work be done in the near
future.

Additional Attenuations

Ground effects, reflections, atmospherics and other subtle
attenuation phenomena weré not Studied.: It is believed that
research in these areas is not yet adequate. However, these
are subtle phenomena and will reguire a: great deal of sophisti-
cation to properly research. '

Recommended Additional Research

There remain several areas in need of additional study. These

. areas include vehicle noise emissions, barrier diffractions,
and noise scattering. These subjects are reiterated later
under "Recommendations for Future Work".
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IMPLEMENTATION

The peak noise level barrier attenuation nomograph and computer
program are now in use in designing attenuation facilities to
comply with Section 216 of the California streets and highways
code which established 50 4BA as the maximum noise limit in
school classrooms.

The véhicle noise prdpagaﬁion model can be used to predict Leq
levels for virtually any transportation facility for which
individual wvehicle noise emission levels, vehicle speed and

vehigcle volumes are known.

PARAMETERS FOR NOISE DESCRIPTION

Erequency Content of Noises

The human ear is selective in the sound frequencies that it can
hear. Some method must be used to account for this before sound
level values can be correlated t¢ human annoyance.

Use of the A weighting network is now well established as the
method of compensating for the ear's freguency sensitivity when
performing environmental noéise studies. A weighted sound levels
were used throughout this study except where spectral analyses
were performed. Thg pxe&énce of A weighting is implied through-
out this Adiscussion unless otherwise noted. This point is
reiterated under “Predicting An Lé@mq

Maximum Levels

one of the first guantitative descriptors of transportation noise

was the maximum noise level. This descriptor is still in use by
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Caltrans and is the basis for much of the current noise legisla-
tion. Maximum levels are easy td model, they correlate well with
annoyance, they are easy to conceptualize and measure and they

are a suitable base for legislation aﬁd enforcement. Their major
disadvantage is that, by themselves, they do not take into account

the number of occurrences.

Time Varied Noise Parameters

Because of this disadvahtage, the Llo methodology was developed
to replace peaks. The LlO is a noise level that is exceeded 10%
of the time., It proved an adequate descriptor for high volume
highways; however, it proved difficult to measure and very
difficult to predict. It proved not applicable when comparing
noise sources with different time variances (i.e. train noise
vs. aircraft noise vs. highway noise){ The LlO also fell down
as a descriptor of traffic noise on low volume highways. The
methods now coming into favor are based on the Leq which is,

in turn, based on the average A weighted acoustical energy
intensity over a given time period. The Leq is much easier

to predict and it can be used in environments where noise from
many different sources are present. ?he Leq is considered an
excellent parameter for describing the average noise level or
"background"'noise in a given environment.

However, the Leq has not correlated wéll with annoyance. Noise
that occurs as peaks or defineable discrete happenings has
proved more annoving than the same amount of noise energy spread
over a long period of time. ‘'herefore, there is currently a
trend towards parameters that take into account the variance

of the noise. One of these parameters is the an or noise
pollution level. This is derived by adding to the Leq a factor
times the standard deviation of the noise level. The noise
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pollution Level has proven to ceorrelate better than the Teg
wilth annoyance. However, it is doubtficl if any one nomerical
parameter ©an he developed Hhat would oty have a one for one
relationship with asnnoyance under @lil wases. Bven if such a
parameter were deweloped, it is highly deoudbitFol ‘that ‘the meaning
of such a parameter could be conveyed cagily to laymen.

Combined Nojise Paranetenrs

Tt is suggested that the noise envivonment be described in terms
oF Lo g nd maximun levels.

Conbined, these parancters do a goodl job of describing the noise
envirenment and they are easy bo mpasure, £asy to predict and
eonceptually sinple.

PROPAGATTON MODELING

Marimam LTewvels

The maximum level is the easisst noise parameter to model. In
most cases one must understand the maximem levels before more
complex parameters can be ﬁe*velnpea.. Diesel trucks are normally
the noisiest wehicles that are found on todays highways. They
are therefore, the sounrce that is used to model maximum hoises.

There are several steps in maximum nolse modeling. The First
step is to determine the amount of noise that the source
produces. This is usually expressed as the level measured 50
feet from the source. This step is referred to as "emissions
modeling". The second step is to determine the point in the
pass-by of the source that giwves the highest noise level at
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the receiver. This is usually (but not always) the closest point
of the pass-by or the distance from the receiver to the traveled
way. Knowing the level at 50 feet and the minimum distance from
the source to the receiver, the maximum noise level can‘be calcu-
lated by using the inverse square law which will be discussed
later. Normally these steps give an adequate model of maximum
noises when the receiver is close to the source and there are

no obstructions between the two.

To do it right, however, it is necessary to subtract any atten-
uations that ﬁay affect the propagation of the noise, such as
noise barriere, ground effects, or atmospheric effects. Next,
enhancements should be added such as reflections off hard sur-
faces and lastly, the background noise should be added. When
predicting maximum levels close to the highway facility, truck
maxima normally are so much higher than the prevailing back-
ground that the background can be ignored. However, the
background can seldom be ignored when predictiﬁg maximum levels
at locations several hundred feet from a highway fa01llty or
even predicting maximum levels fairly close to a freeway flowing

near capacity.

Inverse Sguare Law

The inverse square law is used to predict the level received from
a source located a given distance from a receiver (5). The basic
assumption is that energy in the form of acoustical watts radiates
from the source in a spherical manner. The source can be pictured
as being the center of a sphere and the receiver as being a point
on the surface of some concentric sphere. The energy at the
receiver (Ir) can be calculated in terms of watts per unit area

by dividing the energy of the source by the surface area of the
sphere. This is shown in the equation (1;.


http://www.fastio.com/

5, |
2 1)
%m@z’%

:E’r =
where:

T, = intengity at the recefiver im acoustical watbts per
sorare Netear

B, = enexgy of the seuree in acoustical watts

ance from source to receivewr in meters.

The acoustic intensity cam he caloulated frem the seund level by
equatiem (2 (see Appendix X).

L - B | N
T = 1@ = Mnt:ilog G~ L2y €2
wﬁ}m@ |
E = seund J;mte*mtw im acoustical wakts per square meter
b = the sound Hewed J:.m B

Tk is duEflicnlt or evem Impessible te measure the energy of the
souree dinectly. Therefore, reasurements are normally made at
a standard distance and the epergy of the source is inferred.
Thils inferre@ energy cam tham be used with eguatieom (L) to
prediict the acoustic intensity and therefore the level at the
raceiver whiclh: is a known diistance: away.

Below is an example af the mathematics invelved. This s essen-~
wiglly a derivabiom of the invense sguare ¥aw and shows that
shere i a 6 decibel weduction pexr daubling of the distance
hetween a. Source andi & neceliver.
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To start, the noise level of the source must be measured at a
given distance. This is usually the dBA at 50 feet. This
level is converted to intensity using equation (2). The energy

of the source can be calculated by transposing equation (1) to:

E_ = 4rnl d2
s r

when the meters to feet conversion is applied and 50 feet is

assumed, the two equations can be combined to give:

I:
- . ref _
E, = 2919 Antilog (—T3 12) (3)
where
Lref = Level at 50 feet (15 m).

Now the intensity at the receiver can be calculated using

equation (1l). With the proper conversion factors, equation
(1) becomes equation (4). ' |
0.8566 Es
I = e ) (4)
r d2 ;

where

d = distance in feet from source to receiver.

It can now be seen that the intensity at the receiver is a

function of the source strength and the inverse sgquare of the
distance.

The intensity can now be converted to a level using:

I o .
=73 : (5)

L = 10 Log (
10

which can also be written:

L = 10 Log (I, + 120 (6)

nvw L fastio.com
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Combining all 6f’these_étépé.gives:

- D
= ref A
L, =L ¢+ 20 Log'( Dr (M

L = level at the receiver

b_ = distance Trom the sounrce to the receiver

r
D ¢ = reference distance (normally 50 feet)
Lref = Teyel at'ﬂlst?nCE'Dfef‘

Inserting a few values for the reference distance and the dis-
tance to the receiver shows that the level rolls off at 6 dB
per doubling of &istance.

Predxctlng-an.Leq

fThe“Leq is based on the average perceived acoustical energy
received at a poinrt over a given period of time. Noises in
the very low freguencies éwd'very high freguencies are not
perceptible to the human ear. \The A weighting network was
developed to cmmpeﬁsate-f@r this and is used in all Log
calculations. TITf emission medeling is done in terms of dBA,
the A-weightingvnetwoxkfwmii correct for the loss of hearing
im the lower amd higher fremuencies and this correction will
automaticaily'be carrieﬁ’ﬁhm@mghmﬂt the calculations. This
report considers acoustical emergy in terms of watts; however,
the watts used will mot be truwe watts but will reflect the A
weighting network. Therefore “egquivalent watts" or "equivalents™
will be used as the energy term to recognize the effect of A
welghtlng.

10
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There are two methods of Leq modeling; they are very similar

and yet, there are some differences in the mathematics. The
first method is to determine the average intensity in equivalent
watts per square meter for each source over the measurement
period; summarize those averages to obtain a mean intensity

and then convert this to the Leq using the following equations

(5):
(Ii'ﬁ - 12) . L '
I =10 = Antlloglo(iﬁ - 12) (8)
a I _
where:

intensity in equivalent watts/square meter

I =
I, = sound level in dB
10_12 = reference wattage per séuare meter.

Note: If mean intensity (I) is substituted for I then L_
can be substituted for L.

g

The second method is to determine the equivalent seconds of
noise attributable to each source. Thé equivalent second is
the intensity received from the source integrated over the
time, in seconds, that it was received. These equivalent
seconds are then summarized for all sources. The total is

. divided by the number of seconds in the period to give the

' average, or mean, intensity. This mean is then converted
to the Leq using the same eguation as was used in the first
method [equation (9)1].

A
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T, Based Traffic Noise Mofels

Tn working witth ‘traffic noise models, it is somewhat easier to
use ‘the second method or ‘the summarization of watt seconds.

First the “background moise s determined. 'If this dis known in
I?eg terms, ‘then ‘the eguiwvailent watt seconds can be determined
using eguation 10

i = AT T {«ﬂ -— T DY T
‘Is ec Rn‘tu_iogle i‘{&g .29 (10)

whene

‘E%-ec = eguivalent watts per Sguare ‘meter seconds

T = Hime in seconds.

Normalily, @a one hour or '.B_f,u."ﬁfﬂ‘i@ ssecond time pericd is used. IFf
there are 'g;p:enéf:iiaa?a':;c noises, then the 'same equation can be used.
‘The nunber of seconds -aauréi;n:g ‘the ‘time period that the periodic
mofise is reveived ‘can be used as the 'time parameter in the above
equation., The resultant -:«:eqdi&iwa‘ftend: :saeconds can be added to the

- eguivalent seconds ©f ‘the mormal badkground.

Transporitation Nolse

One type ©of neise source should be studied at a time. IFf a
Treeway is beimng studied then automebile traffic .on one lane
wan be considere@ separatbely from trudk traffic on the same
Iame. ZFach lane wcan he considered separately or lanes can be
lumped. There ‘s an Ghvieus trade-off between the complexity
©of ithe calculation and the maccuracy of the results.

12
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Taking one source at a time, the equivalent power of that source

is determined. This is the total number of equivalent watts that
the source produces assuming the source is omni-directional. 1IFf

this[assumption cannot be made, then the equivalent power must be
corrected for directionality.

Next, the equivalent watt seconds per pass—by for that source is
pPredicted. All enhancements (reflection, etec.) and attenuations
(ground effect, acoustical impedance of the air, barriers, etc.)
must also be considered. The equivalent seconds per pass-by is
then multiplied by the number of pPass-bys expected for that par-
ticular type of noise source. The same calculation is performed
for all other types of transient noise sources and the results
are summed to obtain the total equivalent watt seconds due to
transient noise.

The watt seconds from background and periodic noises are added
to this total which, in turn, is'dividéd by the number of seconds
in the summarization period (normally 3600) to obtain the average
equivalent watts for the period, This; in turn, is converted to
the Leq using equation (9) described above.

Noise Models

Noise models are broken into two categories: noise emission
models and noise propagation models. In performing research
work, it is important that these two types of models be studied
separately; however, combihing them can greatly simplify design
computations.

Emission Models

The goal of the emission models is to determine the equivalent
wattage of specific sources. In order to do this, the dBA level
attributable to the source is measured at a given distance from

13
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‘the source. This dBA iﬂ;e«ﬁe‘i‘ ig converted to eguivalent watts per
sgquare meter. The eguivalent wattage of the source is then
infferred by determining how many egunivalent watts it would take
to "project" the measured watts per ‘sguare meter from the source
to the measurement point. Eguations {12) or (13) are used for
this purpopse. !

E, = ﬂ:mﬁzl (11}
where
1oy s = A weidhted eguivalent wattage at the source

4 = distance from the source to the monitor {normally 50').

Assuming the distance

5" (15.24 meters):

Eg = 2919 T - (12)
Gorfﬂaz.n:mg eguations 8 and 12;
E, = 2919 Bt 10gy “(1:0 32) (13)

Determining the dBA lewvel at 50 Ffeet is a study unto itself and
‘W.’.Lll be discussed elsewhere. Suffice it to say that a truck at
normal highway speeds will produce about 86 dBA as measured at
50 feet. Using egquation {(13) it can be shown that such a truck
produces about 1.16 equivalent watts at the source. If we assume
t+that a car profduces 70 dBA at 50 Teet when it is driving by at

55 mph, then the calculations show that the car produces about
P.03 ‘ equivalent watts 2t that speed.

14
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One major assumption made here is that vehicles are essentially

omni-directional noise producers. There 1s adegquate research

data to show that this assumption is not true; however, the

. conclusion reached by most investigators is that the A weighted
noise from automobiles and trucks is close enough to being omni-
directional to be considered as such for noise modeling purposes
(9). It remains to be seen if this assumption holds as noise

modeling technique becomes more sophisticated and accurate.

Propagation Models

Propagation models can become quite complex if attenuations and
enhancements are considered. What is présented here is a simple
model of noise sources traveling in straight lines at constant
speed with nothing to attenuate the noise between the source

and the receiver. Noise reflections can be handled by using
imaging technigues. Attenuations can'be handled numerically

in a conceptually simple manner; howeﬁer, the computations can
become quite lengthy. '

The propagation model is used to determine a total energy in
terms of watt seconds per square meter that will be received at
a point where the noise travels in a straight line from a noise
source past the receiver at a constant rate of speed. The model
can be used for the infinite case where the noise source comes
from negative infinity, passes the receiver at a given distance,
and continues on to positive infinity; It is also possible to
break up this infinitely long line into segments by using the

e included angle., The included angle is the angle between the
lines from the receiver to the beginning point of the element
under study and the ending point of the same element. This
angle is in radians. If the acoustical wattage of the wvehicle,
its speed, and the shortest distance between the receiver and

15
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'“tfl’re ‘Ve‘h&%@lﬁé"" path is m@m& he &y ua.‘vaﬂ.ent Watt Seeends For its
pabbaye ¢uh be falvnlated by usihy egudtiohn (14). appendix A

o7t tlious

€L

el

, 'S

(it

BgnaEivh

& aa@%:‘wfsﬁrem‘t BE this eguativh.

e ,q....." | {a:4)

= IhEensity iéréfé‘@ma% regaivalent watts ber Siuare metex)

E. = power oF fseu“rc’e ”(f”efég{uﬁ.\’ralf‘ént WatHs)

Shortest divtante Troh veceptor to the infinite line
alonyg whidh fhe Gobree it Tewing (hetets)

Bowree Veleity (Tetets/se)
Hdber ¢f SOuntital Sourees
Smeluded whgle (Tadinms)

4) waEn be Tewverred to Fewt wnd miles per hour to become
{15) =

0,584 &, N

. = F ’ s’(ls)

wew av

Tt dhe infinile case, ff¢ = AR SR

wvvwfastio.com
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Example

Assume for this example that there i1s only one lane of traffic.
It is located 100 feet from the receiver, It has 1,000 auto-
mobiles and 100 trucks per hour. The trucks produce 86 dBA's
at 50 feet or 1.16 equivalent watts. The automobiles produce
70 dBA at 50 feet or 0.03 watts. An infinitely long highway,

a background noise level of 50 dBA (0.10 micro watts per square
meter), and an average speed of 55 miles per hour are also
assumed. The intensity seconds due to the 100 trucks and 1000
cars can be found using equation (16).

_ 1.835(0.03)1000 _

ISec f'or cars = 106 (55) = Q.010009
_ 1.835(1.16)100 _

ISec for trucks = IGED) = 0,038702

The intensity seconds for the background is the average intensity
multiplied by the time in seconds or; '

Isec background = 0.1 (156) 3600 = 0.000360

S0

Isec total = 0.049071
The Leq can be obtained by first dividing the total by the number
of seconds to get average intensity and then using equation (9)
to convert to a level:

[
n

eq 120 + 10 LoglO(Isec/36OO)

71.3 dBA

These computations may appear involved at first glance but they

can be easily simplified and they lend themselves well to computer
solution. '
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NOISE EMISSION MODELING

Existing Models

Commonly used noise emission models use average vehicle emission
levels based on speed. These are normally integrated into the
dispersion model and then the combined model is adjusted to fit
field data. The resulting method is adequate to predict near
term conditions and éven‘make reasonable projections of future
noise levels assuming no major change in vehicle noise emission
characteristics. However, guestions are now being asked that
cannet be answered by this type of modeling:

Question 1.

California has legislatioh on the books that puts a limit on the
noise emission of new vehicles. The acceptable level is set at
lower and lower levels in future years. The method of acceptance
testing is the SAE acceleration test.

How much benefit will result from the enforcement of this
legislation?

Answer

There is no direct way of telling. The average passenger car
traveling at highway speeds gives more noise from its tires than
its power plant. The acceleration tests measure mostly the engine
component. If the engine neise is completely eliminated, highway

vehicle emissions may not be lowered by more than two or three dBA,

In any case, the existing emission modeling is not adeguate to

answer the guestion.

18
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Question 2.

If the current approaches are going to have such little benefit,
what can be done to reduce highway vehicle noise emissions?

¥

Answer

Here again, a guantitative answer to this guestion is hard to
find. Current opinion is that it is time to start considering
tire noise and develop schemes for the gradual introduction of
quiet tires in conjunction with increaséd but reasonable controls

on power plant emissions.

Again, existing emission modeling is not adequate to answer this

question.

Model Parameters

If the idea is accepted that more sophisticated emission models
are needed, the next step is to determine the parameters to
which these models should be sensitive. The parameters should
include not only the physical parameters that govern emissions,
but also, if possible, emission components for which specific
groups have some control. The physical‘parameters that appear
to be of major concern are speed, acceleration, vehicle weight
and roadway surface. The emission components are either power
oriented or components which cause noise while coasting.
Although this power-on/power-off division cannot be made with
absolute precision, it is a workable division for solving
today's problems.

19
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Power plant emissions qré@é funetion of speed, acceleration and
the individual vehicle configuration., These emissions can best
be contrelled by the vehicle manufacturer backed by an adequate
maintenance program and reasonable driving habits.

Coasting emissions are lérqaly ggng;@ted by the tires which are
sensitive to speed, vehicle weight, roadway surface and tire
design. These emissions can best be contrelled by the tire
‘industry, the highway department and reasonable driving habits.
To a lesser extent, the auto manufacturers have some control
because vehicle weight is a factor and undoubtedly, some
coasting emissions are affected directly or indirectly by
vehicle design, |

Emissions Testing

A pilot study was conducted to ¢heck existing autometive noise
emission factors. Five vehicles were driven by and coasted by
a microphone at varicus speeds and their levels recorded.
Vehicle idles were also measured. The power-on drive by was
done at zero_acgeleration; The power plant noise was inferred
by subtracting coast-by energy ﬁer‘th@ cruise-by energy.

by

Coast~

It was found that some of the wehigcles were significantly louder
than others but they all showed a marked inerease in neise level
with vehicle speed, The tests were rup at 15, 35, 55, and 75
miles per hour. The 15 miles per hour test proved inconclusive
because the measured levels were too close to the background
noise at the test site.
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FIGURE 1

TEST SITE
Unopened section of freeway south of Sacramento.

Test vehicles making speedometer correlation run.
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e ? FIGURE 2

Data were recorded ori magnetic tape
for later analysis in the laboratory.

Test vehicle making drive-by.
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The best straight line fit of the data from 35 to 75 miles per

hour was obtained by using log transforms on the speed.

Because some vehicles were markedly noisier than others, the
data were normalized by subtracting the mean level at 55 mph
for each individual vehicle from all the data for that vehicle.
This allowed the study of the speed level relationship without
the confusion of the variance due to more or less noisy tires.
Figure 3 is a plot of the normalized data. A regression
equation was developed:

L, = L.gs -58.15 + 33.55 Log10 v (17)
where
Lc = noise level from coast-by (dBA)

Logg = coast-by level at 55 miles per hour (dBA)
V = velocity of coast-by (mph)

The coefficient of correlation was 0,92827 and the 95% confidence
limits on the slope were between 32.28 and 34.82.

This equation can be reduced to:

3.36

— VvV
Lo = Dess * Log1y (5777

The 95% confidence limit on the divisor for V are 46 and 62 miles
per hour. Little error would be incurred by using a more logical
divisor of 55 rather than the 54.1 which was developed by the
regression:

v  3.36
L, = L,ss + Logy, [ (e) ] (18)
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Lﬁ@ﬁﬁﬂ' £ L.g55 ~58.15 + $3.55 Log o V (48A)
WHERE: Leoast = LEVEL FOR COASTING (dBA)
bess 7 LEVEL FOR COASTING AT 55 MPH (dBA)
v SPEER (MPH)

Boa

+fQH T - T

NORMALIZED LEVEL
{aBa)
Q

55 T
SPEED (MPH)

L
© Ve,

1 A E :

L2 D | T R A

MEAN COAST-BY LEVELS
NORMALIZED TO MEAN LEVEL AT 55 MPH

FIGURE 3
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The 95% confidence limits on the slope, however, were 3,23 and
3.48. Although these data are limited and these tests have not
been replicated, it appears the tire noise is a function of
something more than the cube of speed.

In energy terms, equation (18) becomes:

3.36 L
.V . c55 _ :
Ic = ("5—5) Antilog [ 10 i2] | (19)
where
Ic = energy intensities of coast-by in equivalent watts

per sguare meter as measured ' at 50 feet.

Power Plant Emissions

The amount of noise generated by the péwer plant was inferred
by subtracting the energy equivalent of the mean coast-by level
from the energy equivalent of the mean drive-by for each wvehicle
at each speed. The idle level was used as zero miles per hour.
These levels were plotted against speed as shown on Figure 4.
Although some vehicles appear to be louder than others, there
was no consistency in this so it was decided not to try to
normalize these data. A regression eqﬁation was calculated

and the following equation developed:

Lp = 48.5 + 0.29 Vv : {20}
where
Lp = level of power plant emissions (dBA)
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The coefficient of correlation was 0.92 and the 95% confidence
limits on the intercept were between 46 and 51 dBA and the slope
was between 0.24 and 0.35; however, the calculations involved
working with means so the actual variances will be significantly

larger than the calculations indicate. In energy terms, equation
(20) becomes:

Ip = Antilog (0.029V-7.15) (21)

where

Ip = energy intensity of power plant in equivalent watts
per square meter as measured at 50 feet.

Combining Emission Egquations

The two énergy equations can be combined to give an empirical
edquation that fits our test data from zero to 75 miles per hour.
The energy intensities can be calculated separately for cruise

and power plant emissions, added together and then converted to
dBA, using equation (5).

If the entire operation to be performed by one equation, the
following can be used: '

v 3.36 Lc55
L = 10 LOglo[(EE) Antilog( 10 ) +Antilog(4.85+0.029V) ] {(22)
where
L:

maximum sound level from vehicle pass-by at 50 feet (dBA)

<
it

vehicle velocity {(mph)

L055 = maximum sound level from vehicle coast~-hby at 50 feet
and 55 nmph (4dBA),.

Figure 5 is a plot of the resulting curves. The mean of cruise~
by test data is also shown.
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NOISE BARRTERS

Noise Diffraction Calculations

The effectiveness of an adequately long barrier is limited by
the diffraction of noise over it. Two methods of making this
calculation were studied and a method was selected. The
calculations are frequency sensitive and traffic noise is
composed of a wide range of frequencies so it was necessary
to develop a traffic noise source model composed of eight
incremental sources of different freguencies. A computer
program was written to do the necessary diffraction calcu-
lations and a nomograph was later developed as a rapid
graphical approximation. '

Selections of a Predictive Method

Methods of predicting the diffraction of noise over barriers
have been presented in the literature by Maekawa (6) and
Rettinger (5). Maekawa's method was empirically derived and
is somewhat limited in its use. Rettinger's method employs
more rigorous mathematics, but is complex. Both of these

methods are good only for single freguencies.

Computer programs were written to solve the diffraction problem
using both Maekawa's and Rettinger's methods. Existing barriers
were then studied, and the collected field data were compared
with the calculated results from both methods. The calculations
using Rettinger's method correlated as well or better with field
data than did calculations based on Maekawa's method. Because

a computer was available, the complexity of Rettinger's method
was not considered a major hindrance, and Maekawa's method is
limited to those cases where the barrier is closer to the source
than to the receiver. The investigators also prefer to work
with rigorous solutions as they lend themselves to extrapolation
and promote greater understanding of the physical phenomena
involved. ' -
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Rettinger®s eguation is written:

SLR = ~3 + 10 Logl (@ ..smsx?).‘2+(@ .:5--~£:x:)21 (22)

where
SLR = Sound Level Reduction in decibels

S,and C = Fresnel integrals of the value V as determined by:

21a+b§)3 9.5

v =-h{&s8758] (23)

where
A ‘_l‘= wavelength im feet

a = distance from sourace to the barrier aleng a line of
sight with the receiver

b = distance from the barrier to the receiver aleng a line
of sight with the source

h = height of barrier perpendicalar to a line of sight
between the source and the receiver. h becomes zero
R when the line of sight grazes the barrier and h is
negative when the line ©f sight passes over the
- barrier {feet)

V = value used to determime Fresnel integrals.

Eguation (22) can be wewritten in energy terms to become:

110.5-5 )2+ (0.5-c,) %]
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where

Ia = attenuated intensity in equivalent watts per

sguare meter
I = unattenuated intensity

SX and CX = Fresnel integrals of the value V given in
equation 23.

The computation of the Fresnel integrals can be expensive but
cheaper approximation methods can undoubtedly be developed.

Point Source Prediction

These studies were limited to the effect.of a barrier on peak
noise generated by a single vehicle pass-by. The peak is
normally reached when the vehicle is closest to the receiver
so a calculation at a single vehicle location would suffice
to calculate the barrier effectiveness.

This is not the case in Leq modeling; however, where each noise
source must be considered from the time it first comes into
hearing until it fades again into the backgrouhd. The geometrics
of the problem are continually changing during that time. Aas a
result, rigorous calculation of the total effect of the barrier
can be a very complex proposition. The:first step, however, is
to develop the peak noise attenuation calculations. IOnce a peak
noise reduction method is established, it is a conceptually
simple task to use numerical analysis techniques to develop
methods for use in Leq modeling,

Two types of attenuation are normally cénsidered in point source
barrier modeling. fThe distance attenuation is 6 decibels per

doubling of distance. The "excess" attenuation afforded by the
barrier is then calculated and combined with the distance atten-

uation to predict the intensity of sound reaching the receiver.
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'Because of the frequency.sénsitivity of barriers, the noise

source is considered to be composed of 8 incremental noise
sources located at the same point but of different frequencies.
(The development of this model is discussed in Appendix D).

The energy intensity at the receiver from each of the incre-
mental sources is calculated, the results summed and then con-
verted to decibels to give the predicted level.

Practical Considerations of Noise Barriers

Noise barriers can be made of virtually any material that is
air tight and reasonably massive as long as it is adequately
long and well sealed. A rule of thumb is that noise barrier
material should Weigh more than 4 pounds per square foot. If
the barrier material satisfies these requirements, the limiting
factor on its performance will undoubtedly be the diffraction
0f noise over it or noise flanking it. Barrier materials that
absorb sound on the highway side reduce noise reflections back
to the highway and heyond but give little or no additional
protection'tO'receivérs behind the barriers. Absorptive material
on the receivers side of the barrier may help reduce reverbera-

tions between buildings and the barrier. Absorptive barriers

*willeprobably be expensiﬁe, hard to clean and maintain, and less

resistive ‘to weathering.

A primary consideration of barrier design is durability.
Barriers must be able to resist heavy wind loading, weathering,
vandalism, etc., with little or no maintenance. A design wind
load of 20 1bs. per squére foot has been suggested for barriers
located where failure would not be catastrophic. Sound barriers
which are to be placed on bridges, retaining walls, or other

critical locations should receive special consideration.

If barriers are located close to the traveled way, the designer
must consider what would happen if a wvehicle struck the barrier.
Barriers close to the traveled way should be mounted on, orxr
protected by, traffic barriers.
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Noise barriers could have adverse visual effects. They may reduce

sight distances or be aesthetically unpleasing. Imaginative design

should reduce these problems.

There are places where noise barriers will not be practical for
geometric reasons. Some interchanges may be very difficult to
sereen, It may be difficult to‘build practical noise barriers
in some hilly terrain. It is sometimes impossible to screen
residences located on hillsides overlooking a freeway. On the
other hand, imaginative use of highway geometrics may reduce or
even eliminate the need for barriers in many locations. Barriers
may or may not be costly items. In certain instances earth-
mounding can be used to good effect at wvery little cost. At
other times, low barriers may be built at reasonable cost,
although $30 per running foot appears to be a minimum in recent
CALTRANS contracts.

In other cases, addition of noise screening may require extensive
revision of the drainage system, purchase of additional rights

of way and costly additional construction. High barriers are
usually expensive and cost upwards of $50 a foot. Many have

cost $100 per foot or more. Noise barriers located close to
traffic will require traffic barrier type bases. Elevated
structures already have traffic barriers. Extending these
barriers up a few feet may not be prohibitively expensive.

Many of the barriers built to date have been made from concrete
block. These can be made aesthetically pleasing. Reinforced
concrete is a practical barrier material, and various types of

panels have been used.

Maintenance and Emergency Access

One consideration that is often overlooked when designing a
barrier is the need for access through the barrier for highway
maintenance and public safety purposes. A paper study was
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pexformedi tor determine: How these: openings: could be provided’
without: deteriorating: the effectiveness: of the barrier. The
only: practiicali selution: found) s to: use: deers oxr some: other

type: of moveabhile: panedi..

These doors: can: ber hiidden between overlapping panels. The use
of baffles alione will reducer the: effectiveness of the barriers.
Doors: should be: siix feet wide: for maintenance access and
probabily as: wide: for emergency’ access. Personnel using these
openings will be burdened witl: eguipment, trash, tools, etc.,
so adequate: ca@ns;ﬁ&‘erastﬁéem slieuld: be given te their safety and
convendence. Thils: s part:.c,ularly true If there is a differ-

ential im grade acress: the: barrier..

EXESTTNG: NOTSE; BARRTERS:

As previousily mentioned, some noise barriers are currently in
operation along: california ‘Thdlghways. ‘L'wo earth berms have been
studied and they are discussed helow. In addition, a concrete
block/berm combination has been reported (2). Additional
barriers of cencrete bleock, precast panel, steel and stucco
have been built but have not yet bheen adequately evaluated for
inciusion in this r_epa::t:.,i

Low Earth Berm

A field study was made of =z low berm in front of an apartment
building on Folsom Boulevard in Sacramente, California.

tThe apartment managel stated that the herm had been placed as
a noise attenuating device to protect a lawn and swimming pool
area in front of the building.
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Attenuations were calculated using Rettinger's equation and
composite truck noise models: These ndise medels were composed
of a series of point sources located as show: on Figure 6.

The point source at 5 feet above the pavement represents engine
noise. The 10 foot noise source simulates truck exhaust noise.
The sources below pavement grade are used to simulate reflfec-
tions off the pavement or sidewalk. As can be seen in the table,
the calculated attenuations corresponded quite closely with

the measured attenuations.

This same approach was attempted with the autos but the measured
attenuations were much less than what was calculated. This dis-
crepancy was at least partially due to several factors:

1) The assumed auto noise source was at pavement grade.

Significant noise may be radiating from relatively higher up on

the measured cars.

2) The backgroﬁnd noise levels were high enough to affect the
measurements. An undoubtedly important contaminant was noise
from some other autos which arrived along paths that flanked
the berm,

3) There may have been significant reflections from objects

and buildings in the area.
In our opinion, the high background noise levels were the main
cause of the discrepancy. Background noise and flanking noise

. are a major problem in measuring barrier effectiveness.

Eleven Foot Earth Berm

An eleven foot high earth berm has been constructed to protect the

hardstand area of a drive-in church from traffic noise maxima.
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FIGURE 7

T
et

i
s

Drive~in church located south of
Sacramento on U.S. 99,
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The church is located south of Sacramento on U.S. 99, Figure 7
is two pictures of the berm and church. The church fronts on a
frontage road and the berm is located about 90 feet from the
freeway edge of pavement.

Measurements were made at various distances and elevations
behind the berm. The same test method was used as previously
described. One meter was placed on top of the berm and the
other was located at various places behind it. Gross attenua-
tions were measured. The distance attenuation was calculated
and subtracted. The resultant was the net or "excess" attenua-
tion of the berm.

The noise levels and excess attenuations were also calculated.
The noise model consisted of four sources. Two were located
at 5 and 10 feet respectively, above the pavement to simulate
engine and exhaust sources. Two were located below grade to

simulate reflections.

The calculations correlated very closely with experimental
results and are believed to be close to or within the experi-
mental error. Figure 8 shows a cross section of the church
berm. Plotted on the cross section are curves representing
calculated excess attenuations behind the berm. The table
gives actual and calculated values for the points measured in
the field.

RECOMMENDATIONS FOR FUTURE WORK

There are several areas in critical need of additional study.
A method should be developed to monitor vehicle emissions on
exXisting facilities so that emission models can be developed,
checked, updated and generally calibrated to a given locality.
The tire roadway interaction should be studied so that the
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desighier” can: make: more positive: use of' his pavement design and

pavement: maintenance: optiionss. Tire/pavement information is also.

.....

Kﬁdﬁﬁéﬁ‘aréwtBéqﬂfnihg&maﬁbr*ef&bnttiSaﬁﬁennigorouSadevelopment
offg@buﬁd?anﬂﬁﬁarrier“atfenuatibnﬂpnedintionxmethodology. Unless:
a rigﬁfbus?Eﬁdwlédbei0f‘ﬁHiS$pﬁenUmen0n*isz69velnped1 the designer
will: Be' restricted to tlier use: of Field proven designs when. cheaper,
more effective and' more aesthetic solutions may be available.

Momitoring Vehicle Noige: Emiissions:
ﬁHé*véﬁ%ciePemiési0ﬁ~sﬁuﬂy"sﬁduidﬁbe?condhcte&ion»existing high-
ways: By monitoring existing traffic Flow and measuring the result-

g neige.. The execution of this: study, however, may not be a

gimple task; it will require methodeloegy te not only count the

vehicles, but also to get vehicle type and speed. In addition,
it may be necessary to monitor over an extended period of time
to obtainm ddequate sample sdzes..

A monitoring system should be simple and portable and require
ﬁﬁﬁﬁié”or‘ﬁo“iﬁstaiiatioﬁ‘costs. It should be easily usable
o existing highways on a routine basis to monitor the noise
emigsions of the vehicles using that facility. This would
dlIow calibration of noise design methods and evaluations of
vehicle noise reduction programs..

Diffraction, Absorption, and Scattering

The rigorous study of barrier diffraetion, ground absorption
aiid noise scattering effects will require a broad area of
éXpertise. The study miust be predicated on a thorough mathe-

. fiatical understanding of the physics involved. Calculations

mast be c¢hecked, however, by measurements on existing highways
and/or by model studies. It is not envisaged that this study

4Q
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will soon be completed. The initial research will be aimed

Later research would delve into special

cases and "clever" new approaches to generalized or specific
. '~ problems.

3 at the general case.
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APPENDIX A

- Development of an Leq

Noise Transmission Model

This model is used to determine the total energy in terms of
equivalent watt seconds that is received from a constant and
omnidirectional noise source traveling along a straight line
at a constant rate of speed. Figure Al illustrates the problem

setup:
FIGURE Al
bIr
d | D {0,0)
Es X
Where:
I, = energy intensity at the receiver as received from the
source (eguivalent watts/mz).

ES = energy of source {eguivalent watts). The source in

traveling along the x axis.
d = instantaneous distance from the source to the receiver {(m) .
D = perpendicular distance from the line of travel to the
receiver (m). The origin is the nearest point on the

X axis to the receiver.

x = instantaneous location of the source along its line of
travel which is the X axis.

A-1
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Figure A2 ilfustrates the curve under which the area is to be
determined. : ‘

FIGURE 2

Wheta:

y = I for respective locations on the x axis.
x = the instantanecous ILocation of the moving source.

The area under the ciirve between any two values of x give the

intensity integrated over distance. If it is assumed that the
sourece is traveling at aiu@iﬁérm*speéd then the distance can be
éxpressed in terms of time and the area under the curve can be

expressed in terms of energy intensity times time:

£ gwa’

- The theory of Pythagoras states:
a? = %% + p?

=fol

(1)

ClibPDF - v fastio.com


http://www.fastio.com/

and the area under the curve can be expressed as:

z. £y
Id = j[ Ir dx (Aa2)

where

Id = summarized energy intensity at the receiver
2
(watt m/m").

Substituting Al for I s

/xz E_
I. = —_——— dx {A3)
d 4ﬁ(x2+D2} ' :
b4 .
1
Integrating:
X
E 2
s -1 x
4T | tan © 3§
I, = Xl — (A5)
2 1

The tangent term becomes the included angle (phi)
between the receiver and any two values of x so:

ES¢
_ 4wD watt m

Speed is now incorporated to convert the area from

intensity times distance to intensity times time.
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T = tim&;(saa%

(AB)

H
il

summarized energy intensikty at this receiver
@watt.secﬁm%»m

E_. = energy of the source (watts}).

¢ = the angle subtended by the straight line element
under’ study (radians).

D = the perpendicular distance from the infinite
line including the element to the receiver (m).

V = the velocity of the source (m/sec).
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APPENDIX B

Noise Barrier Nomograph
Method
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D

R AR TRANSPORTATION LABORATORY

State of California Method No. Calif. 702a
Department of Transportation
—_ Division of Construction and Research July 7, 1975

L NOMOGRAPH METHOD FOR PREDICTING

THE BENEFIT OF TRAFFIC NOISE BARRIERS

Scope

- A nomograph solution to eSEimating the effectiveness of noise

barriers in attenuating truck noise peaks is described in this
method.

Application

. This method is only for use in predicting attenuations of diesel
truck noise peaks. Its principal area of application is barrier
design for compliance with section 216 of the California streets

- and highways code which establishes 50 dBA as the peak noise limit
in school classrooms. This method is not applicable to predicting
attenuations of L. , L Or L_ . Peak level attenuations are

- usually significa%gly ﬁggher‘%gan the attenuations afforded time
distributed levels.

Procedure
- A. Noise Model

This nomograph was developed for estimating attenuations of diesel

truck peaks. A single point source located eight feet above the
pavement should be used.

B. Cross Sections

A cross section should be drawn (or calculated) and should include
the noise source, the noise receiver and the noise barrier., A
eross section should be drawn to scale and represent the worst
case path between the source and the receiver, Cross sections are
hormally drawn perpendicular to the traveled way but this may be
modified if a less shielded path exists. A scale of 20 feet to
the inch is usually adequate. Figure 1 is an example,

70' — n1

Figure I
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July 7, 1975

¢ C. Geometrics

The user must now determine dimensions A, B, and H for use on the
nomograph. Dimensions A and B are determined by measuring along a
straight line between the source and the receiver (i.e. line of
sight). A is the distance from the source to a point perpendicular
to the top of the barrier. B is the distance from the receiver to
the same point. H is the optical height of the barrier. The optical
height is the perpendicular distance from the line of sight to the
top of the barrier. If the line of sight passes over the top of the
barrier, the optical height is negative. The optical height is zero
when khe noise source is just visible from the receiver. These
dimensions are illustrated in Figure II. -

b s

Figure II

D. Use of the Nomograph

The "Determine V/H factor® nomograph (Figure IV) is entered first.
The dimensions A and B are located on their respective lines and
a straight line is drawn between them. In the example (Figure II)
distance A is 30 feet and distance B is 70 feet. The V/H factor
is then 0.195., H is positive so the next step is to enter the
"Determine Sound Level Reduction" nomograph (Figure V). 'The V/H
factor is located on its line and the height H is located on its -
proper line (H>0). A straight line drawn between these points inter-
Sects the SLR line at 12, The sound level reduction of the example
barrier is 12 dBA. If the line of sight between the noise source

and the noise receiver had passed over the top of the barrier then

B would have been negative and the H<0 line would have been used.

E. Determining expected“peak sound levels

First, determine what the expected peak sound level would be if
the barrier were not present. This value can be obtained from
Figure ITI (1) which is based on the maximum legal noise emission
for a heavy duty (6,000+ 1b) vehicle on a California highway. Heavy
trucks actually average four or more dBA lower than this, In the
example, the receiver is located 100 feet from the noise source so
the maximum peak noise level expected from a legal truck will be
84 dBA. The sound level reduction determined from the nomograph
is subtracted from this value. The example sound level reduction
was 12 dBA, so the projected maximum peak noise level will be 72
dBA at the shielded receiver.
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L. Beaton, J. L., Bourget, Louds, "Traffic Noise Near Highways,
h Testing and Evaluation", State of California, Materials and
Research Department, Research Report No. CA-HY-MR-6316-2-72~43

ClihPDFE - wynw fastio.com


http://www.fastio.com/

Method No. Calif. 7022

1334 NI-LNIFJW3IAVLA 40 3903 WOYH¥L 3IINVLSIA
000'| 006 00 002 00l 0. O0S Ot O¢ 074

_wﬁ
T i __ I
M A e
i 4
T i I 0l
fli i
| TR i
i . i
| _ Py !
; | o hi __ ow
! I T il
[y
|
”_ | | i i W
“,n, _,._ “ ,:j E om
! ;uzﬁ g
I Hi =
T T il L
il R
3 il {.HT Ah ~ 00|
B R R _, , i
o, NN i
P _..l_._i il i el R N I ! ;
= ;.:,L;._., HHA R : I i ".L i i _w N O B A.W,”m._u :.: i HE | _ i
3 Ll A I AT EAIE KA1 VAR . : 1 R HHIRANTIAIE f i
R

vap
(2.61) moou 4713IH3IA 3HL 40 0¢glied zo_._,.omm |

‘S87 000°9 ¥IAO SITIIHIA HO4 LIWIT ISION VINYOAITV)
HdVHOOWON 3SION 3HL dJO 3ISN 404 LYVHD

Figure III .

STIo.com

fa

VAN

ClihPDF - WA


http://www.fastio.com/

' Method No. Calif. 702a
July 7, 1975

NOISE BARRIER ATTENUATION NOMOGRAPH

FIRST STEP
DETERMINE V/H FACTOR

— : DIST DIST
: ' A V/H B
{FT) : FACTOR (FT)

500 - 05 500
200+ F 0 200
100 - T 100
. : 415
-~ 60 1 80
50 = 4 50
40 +.20 40
+
i
30 4

25

| T T 17 T 1 rrryprrrrrrrrngmmnm
[ R I UENERRRRRy ARTTIII

T—t + T T rrrrererepammm
(L]
Q

- 20 T 20

|
T

X : -4
154 : +15
4 —+.35 4

Figure IV 5

ClihPDFE - www fastio.com


http://www.fastio.com/

Method No. Calif., 702A
July 7, 1975

NOISE BARRIER ATTENUATION NOMOGRAPH

USING V/H FACTOR AND H
DETERMINE SOUND LEVEL REDUCTION

H)>O SLR V/H . SLR H{O
{(FT) {dBA) FACTOR (dBA) (FT)
30 — :L-.40 -~ =10

T I T +-9
25 T 30 - Lao T°®
T I + +-7
20 ~ + 1
:: 25 L :|: e -
+ + +1-.20 -+ -
15 -1 + 1 5
. A4 -+ - a0
1 20+ +
. + + —+1 +- 4
T T +.15
+ T + +2
10+ 15+ I +3 do_
9 T T s = -
T - -T- 1 0 . . 4 -4
7 4 -T.09
e L 10 108 +-2
4 o - --:-.07 -+5
-
—— __‘06 4
4 el 1
4 + ""'-05 i 5.5
: 6.0 at
3 = 7+ H=0 -1
2 6.5 —
6.0 at RECEWE}
H= 0O 1
T BARRIER ]
SOURCE
] ..J».
———
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APPENDIX C
Noise Barrier Design Method (Computer Based)

A computer program has been written which can be used to eval-
uate noise barriers. It is presently available to Caltrans
engineers and can be accessed on the Department's TENET Time
Share Service. The relative location and noise level of the
noise source(s) and the relative locations of the barrier and
the receiver are input to the computer. The computer then
outputs calculated noise levels with and without the barrier.
The computer also prints out the sound level reduction caused
by the barrier and the energy intensity in equivalent watts
per square meter with and without the barrier,

The Noise Source

Diesel trucks are the loudest of the noise sources that appear
in volume on California highways. Therefore, they are the basis
of the noise model. The model could consist of one noise source
of 86 dBA but two noise sources of 83 dBA each wouid also sum

to the 86 dBA at 50 feet,

The effective elevations of the noise source varies from truck
to truck. The major noise generators from a diesel truck are
its exhaust, the exhaust stack itself, éngine compartment
radiations, the air intake, engine compartment/pavement rever-
berations, and tire and roadway interaction noises. There are
also aerodynamic noises and some trucks produce loud body noises.

Bearing all of this in mind, it is suggested that a single point
source noise model be used and it should be located eight feet
above the pavement. A 90 dBA source strength should be used
when designing for compliance with Section 216 of the California
Streets and Highways Code. The user may want to use more complex
noise models to account for reflections.
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© Geometrics

The user must now determine the rélative locations of the sources,
the barrier and the receiver. There are two methods available.

If a cross section has been drawn to scale, it is easy to use
line of sight distances. If not, it is perhaps easier to use
horizontal and vertical coordihates.

If the user decides to use the line of sight distances he must
first determine the noise level of éach Source as measured at
50 feet. Then, measuriﬁg along a straight liné between the
source and the receéiver, the user must détetimine the distance
from the source to a point perpendicular to the top of the
barrier, the distance from thig point to the reédeiver, and

the optical height of the barrier. The optical height is the
perpendicular distance from the straighit line t& the top of
the barrier. If the line of sight passes over the top of the
barrier, the optical height is regative. The optical height
is zero when the noise source is just visible from the receiver.
These dimensions are illustrated on Figure I.

Figure T

If the user has not plotted a ¢ross section to scale, he may
prefer to use horizontal and vertical coordinates of the source,
barrier and receiver.

Figure II is a copy of the exanple problem run using both optical
height and coordinate method. User input is ufiderlined.
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Liagur Lk

BASIC
PLINK 'SICABINOISESAR?Y

;

FOR CALCULATIONS USING [LINE OF SIGHT DISTANCES
AND PERPENDICULAR HEIGHTSS INPUT 1

FOR CALCULATIONS USING HORIZONTAL AND VERTICAL _
COORDINATES (TWO DIMENSIONS) S INPUT 2. ?1

HOW MANY SOURCES 21

INPUT FOR EACH SOURCE!
NOISE LEVEL AT 50 FEET (DBA)
SOURCE TO BARRIER DISTANCE (FT)
BARRIER TO RECEIVER DISTANCE (FT)
BARRIER ORTICAL HEIGHT (FT)

SOURCE 1 P90,30+70s4

NOISE LEVELS (DBA) WATTS/SQ M
WITHOUT WITH SOUND LEVEL WITHOUT WwITH
BARRIER BARRIER REDUCTION BARRIER BARRIER

84,0 71.1 12,9 20002500 0000128

SRUN

FOR CALCULATIONS USING LINE OF SIGHT DISTANCES

AND PERPENDICULAR HEIGHTS? INPUT 1

FOR CALCULATIONS USING HORIZONTAL AND VERTICAL _
COORDINATES (TWO DIMENSIONS) ¢ ~INPUT 2 P2
HOW MANY SOURCES 21

INPUT THE HORIZ AND VERT COORD OF THE BARRIER (FT)  P30,12

INPUT THE HORIZ AND VERT COORD OF THE RECEIVER (FT)  P100,8
INPUT FOR EACH SOURCE! _ |
NOISE LEVEL AT S0 FEET (DBA)
HORIZ COORD OF SOURCE (FT)
VERT COORD OF SOURCE (FT)
SOURCE 1 P90,0,8
NOISE LEVELS (DBA)  WATTS/S@ M
WITHOUT WITH SOUND LEVEL WITHOUT WITH
BARRIER BARRIER REQUCT 10N BARRIER BARRIER
Bl 0 71.1 12,9 .00082500 .0000128
S .
c-3
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APPENDIX D
Derivation of Truck Noise Model

A noise model was developed to represent the spectral nature
of a typical truck noise source. The model is composed of
eight incremental sources, each presenting the geometric mean

of an octave band.

The model is necessary because rigorous noise diffraction
calculations can only be made on discrete freguencies.
Diffraction calculations for broad band noises require that

the noise be divided into its components and the calculations
performed on each component. The resulﬁants can then be summed

to obtain a single number answer.

The first step in developing the model was to obtain a series
of octave band analyses of truck noise (L). The sound level
was then averaged for each octave band. The end result was
to reflect the 'A' weighting network so each band was reduced
by a suitable factor (2). . The resultants were converted to
energy intensity in equivalent watts per sgquare meter for use

in the model.

The model, as listed below, consists of eight weighted wattages
each acting at the geometric mean frequency of an octave band (2).

Weighted
Frequency Geometric Acoustical Ratio

Band (Hz) Mean (Hz) Watts/m2
37.5-75 53 .126 x 107%  ,00072
75-150 106 - 6.31 .03598
150-300 212 31L.6 .18032
300-600 424 50.1 «28579
600-1200 849 - 39.8 .22701
1200-2400 1700 39.8 .22702
2400-4800 3390 6.3 .03598
4800~10,000 6790 1.2 .00718

6

Total 175.4 x 10 1.00000
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winl

Q'Té use?{ﬂé moéel, the sound 1ével in dBA is converted to inten-
sity in weighted acoustical watts per sqguare meter by equation
{1D) =

I = (1D)

10(dBA/lO-lZ)
The intensity at each fréquency can then be estimated by multi-
plying the total intensity by the model's ratio for that frequency.

The total wattage at a Point can be determined by arithmetically
summing the energy intensity arriving at the point from all known
sources. The intensity can be converted to dBA by the equation (2D):

L = 10 log,,(I) + 120 (2D)

As an ékample, let us consider a truck producing one A weighted
acoustical watt per square meter (120 4BA). Assume all the
noise is coming from one point in space. For calculation
purposes, we would consider the noise to be composed of eight
Sources: a 53 Hz source of .00072 watts, a 106 Hz source of
.03578 watts, etc. If we find it necessary to consider more
than the one point source in our model, we must perform
calculations on eight times the number of different noise
source locations.

i References

1. Galloway, W. J.; Clark, W. E.: and Kerrick, J. S.; "Urban
Highway Noise: Measurement, Simulation, and Mixed Ractions,"
NCHRP Report 78 (1969).

2. Rettinger, M., Acoustic Design and Noise Control, Chemical
PublishingVCo. (1973).
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APPENDIX E

Noise Diffraction Computer Progran

The attached computer program can be used to calculate the
diffraction of truck noise over a barrier. It is written to
be used on the Caltrans TENET time sharing computer service.
The program is written in BASIC but FORTRAN versions of the
subroutines are also listed.

The program uses the method presented in an issue of Noise
Control (Rettinger, 1957). It uses thé noise model described
in Appendix D. The Fresnel integral subroutine was derived
from an article in Mathematics of Computation (l).. The use
of the program is described in Appendix C.

The inputs to the FORTRAN subroutine are DBSORC, A, B and H.
DBSORC is the loudness of the source as measured in dBA at

50 feet. A, B and H are dimensions as described in Appendix
C. The outputs are SUWATT and SAWATT. These are the sums of
the unattenuated and attenuated A Weighted'wattages that are
expected at the receiver. The first value is what is'expected
if the path from the source ﬁo the receiver were not impaired.
The second value represents the wattage diffracted over the
barrier. These wattages can be converted to dBA by the
following equation:

L =10 log10 I+ 120

sound level in dBA

where L
I = sound intensity in equivalent watts
Per sguare meter.
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ggtimféation

This computer. program is:probably adequate for limited use.

It should be optimized, however, before it is used extensively
in iterative applications. A large savings in computer time
would result from lowering the precision requirements of the
Fresnel integral subroutine or otherwise optimizing the Fresnel
integral computation.

DEFAULTS

This program will not run to completion if dimensions A or B
become negative. It will also terminate when there is under-
flow in the Fresnel integral subroutine.

References

1. J. Boersma, "Computation of Fresnel Integrals," Math. Comp.

14 (1960 380.
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1008
1010
1020
1030
1040
1050
1060
1070

1080
10990
1100

1110

1120

1130

1140

1i50
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310

1320

1330
1340
1350
1360
1370
12390
i400
1410
1430
1440
1450

1460
1470
1480
1490

REM kkrk o NOISE DIFFRACTION PRUGKAM Xkx Kk %

REM

REM FOR USE ON THE CALIF DIV, OF HIGHWAYS TENET TIME
REM COMPUTER TERMINALS '

REM WRITTEN BY WALT WINTER
REM REVISED 12/28/71
REM

DOUBLE AFAC(1Z2) »BFAC(1I2)CFAC{12)DFAC(12)
SUMA P SIIMB» X XFOR ¢ XFAC
0IM FREQ(8),S5TD(9)
DATA 53r106+212,424,8492170093390,6790
DATA 1.259E=07+6,31E=06¢3,162E-05,5, 012E-0503 G81E=-05
3e9B1lE=~0596.3LE=06+1,259E-06, 1. 7537E~04
DATA 1.,59576914s=1702D=9»~6, 808568%540—5763610—9l
6e 920691902, -1689868570=9r~3,05048566»—=,075752419»
«850663781,»~,025639041,-.15023096+ ,03440U779
DATA =33D=994,255387524,y=92B100-9r=T7, 7800204
=~ 00952089595, 075161298~ ,138341947,=1,363729124,
.403u49276v.7022£°Dl6r-.216195929f.019547031
NDATA O0D1e=,024933973»39360=9,57709560=9,
6898420« =9U9T7136D=Yy 011948808 r =, 006748873,
2U6420~8,210296T7D=9¢=, 00121793, 2338390~92
DATA +199471149230=9s-,0093513U41¢23006D=9,48514660=F,

SHARE

0001903218y ~,017122914s,020064067r=,027928955, ,016497308

-.005598515,, 000833386

MAT READ FREQs STD»AFACIBFACS CFAC,DFAC

FACT=LOG(10,)

SSUWE0,

SRAW=0,

PRINT

PRINT * FOR CALCULATIONS USING LINE OF SIGHT DISTANCES!
PRINT ' AND PERPENDICULAR HEIGHTS: INPUT 1°
PRINT -

PRINT ' FOR EALCULATIONS USING HORIZONTAL AND VERTICAL'

PRINT * COURDINATES (TWO DIMENSIONS) ! INPUT 213

INPUT ICFL
PRINT
PRINT

IF ICFL = 1 THEN 1310
IF ICFL =

2 THEN 1580

GOTO 1190 |

PRINT ' HOW MANY SOURCES'S

INPUT NSRC

PRINT

PRINT ' INPUT FOR EACH SOURCE?!

PRINT TAB(7) 'YNOISE LEVEL AT 50 FEET (DBA)!
PRINT TAB(7) $*SOURCE TO RARKIER DISTANCE (FT)!
PRINT TAB(7) :'3ARRIER TO RECEIVER DISTANGE (FT)?
PRINT TAB(7):'BARRIER OPTICAL HEIGHT (FT)'

FOR I = 1 TO N&RC

PRINT
PRINT TAB(20+3%I) {YSOURCE *314
INPUT SP50rA»BeH

GOSUR 1970 ! CALLING SUBROUTINE AT TIENS

SEHWESSUWSHSUYW
SSAWRSSAWHSAW

NEXT I

GOTO 1810
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" 1500 'fPRINT
1510 INPUT

.- 1520 PRINT
1 1530 PRINT

-~ 1540 INPUT
' 1550 PRINT
. 1560 PRINT
- 1570 INPUT
- 1610 ‘PRINT
- 1620 PRINT
1630  PRINT
- 1640 PRINT
1660 PRINT

' HOW MANY souaces'-'
NSRC

' INRUT THE HORIZ AND VERT COORN OF THE BARRIER (FT)?';
WAL X WAL Y

v INPUT THE‘HORIZ AND VERT COORD OF THE RECEIVER (FT) '}
EARX»EARY - -

' INPUT FOR EACH SOURCE!!

TAB(7) :*NOISE LEVEL AT 50 FEC'T (DBA)!
TAB(7)2YHORTZ COORD OF SOURCE (FT)?
TAB{(7): 'VERT COORD OF SOURCE (FT)!

1670 FOR I ='1 TO NSRE

- 1680 PRINT

1690 PRINT

11695 INPUT

TAB(20+3*I)"SOURCE tIId
ER50,ERPX»EPY

1700 ABZSGRT ( (EARX~EPX) =2+ (EARY=ERY) ~2)

- 1750 BTAB=A

:
P

Vel
CR B .

ChhPDF -

T raTT0

1710 ANAZATAN( (EARY=EPY)/ (EARX=EPX) )

1720 ANB=ATAN( {WALY=EPY) / (WALX=ERX) )
71730 ANCZANB=ANA
1740 A'SGRT((WALK-EPX)“2+(WALY—EPY)*2)*CDS(ANC)

. 31760 HETAN(ANC ) * A

GOSUB 1970 ! EALLING SUBROUTINE ATTENS

1780  SSUWSSSUW+SUW
1790 SSAWSSSAW+SAW

- 1800 NEXT 1

CF1B10 UNATR10.%LOG (SSUW) /FACT+120.
71820 ATEN=10,*%L0OG(SSAW) /FACT+120,

1830 SLR=UNAT=~ATEN

71840 PRINT

71850  PRINT

1860 PRINT

1870 PRINT

- 1880 PRINT
~ 1890 "PRINT
#1900 PRINT
1910 PRINT

. 1920 PRINT
11930 PRINT

' NOISE LEVELS (DBA) WATTS/Sq ™M

WITHOUT S WITH SOUND LEVEL AITHOUT WITH?
' BARRIER BARRIER REDUCTION BARRIER BARKIIER?

iN”FORM "%%%%n.%BHH%BB%W.%BBR ABBE G4BTI LINAT» ATER s SLRF
IN FORM "BBUBRIIBEBE « BBLEBY - BIBKBHES ¢ H% - EHBET S SHUN» SLAW

1940 END
1960 REM L
. _ . SUBROUTINE ATTENS
11970 SAw=e,
-1980 - Suw=Q,
#1996 . ABZA+B -
2000 | SRCWSEXP((SPS507/10~8,535)*%FACT)
12010 FOR J=1 TO 8
12020 SRCZSRCWKSTD(J)/STD(9)
2030 VIHASART (FRERQ (J) *AB/ { 565, %A%B) )
2040
GOSUB 2120 ! CALLING SUBROUTINE FRESNFL
- 2050 CUWT=SRC/ (ABXARBX1.167)
2060 AWTZUNT# ({4 5=CX) ~2+( 4 5-5X)~2) /2,

2070 SUWSSUWHUWT
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2080

SAW=SAWHANT

2090 NEXT J

2100

RETURN

2110 REM

2120
2130
2140
2150
2160 1IF
2170
2180 FGR
2190
2200
2210

2220 NEXT

2230
2240
2250 FOR
2260
2270
2280

SUBROUTINE FRESNEL

SOk VRV, 14159265
SUMB=Q .,

SUMAZ=Q,

XFACZ]Y,

X>6 THEN 2240
XFOR=X/4,

K=1T0 12
SUMAZSUMAHXFACKAFAC(K)
SUMBZSUMB+XFAC*HBFAC(K)
XFAC=XFAC*XFOR

K

GOTD 2300

XFOR=4/X
K=1 TO 12
SUMASSUMA+XFACKCFAC (K)
SUMB2EUMB+ XFACKDF AC (K)
XFACTXFAC¥XFOR

2290 NEXT K

2300
2310
2320
2330
2340
2350 IF
23690 '
2370
2380 IF
2399
2400
2410

2420 END

www . fastio.com

XFOR=SWRT{ XFOR)
SUMASSUMAXXFOR
SUMB=SUMB*XFOR
CA=COS{X I HSUMA+SING X)) *SUMR
SX=SIN(X)*SUMA=COS( X ) %2UMB
X < 6 THEN 2380
CX=CX+,.5
SX=5X+,5B
vV o>= 0 THEN 2410
CX==CX |
SXz=SY

RETURN
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SUBROUTINE ATTENS
COMMON DBSORCsy AsBosHsSUWATT» SAWATT

DIMENSTON FREQ(8)¢STD(9) , _

DATA FREQ/53.110649212.942449849,,17004+3390,,6790,/

DATA STD/1,259E-07+6431E=06+3.162E~05+5,012E~05,3,981E~05,
3.981E~05+6,31E-06+1.259E-06+1,7537E~04 /

SAWATT=0.

SUWATT=0.

AB=A4B8 ' , _

WATT50=104*% ( (DBSORC+34,4794) /10,.~12.)
DO 40 Jz1,+8 .

SOURCE:wATTSO*STD(d)/STD(Q)

VZH¥SQART(FREQ( J) ¥AB/ {565. xA%B} )

g - CALL FRESNL(VsCXsSX)

UWATTS=SOURCE/ { ABxAB%1.22) :
AWATTSSUWAT TSR ( {0 S=CX)*%x24{ ,5=SX) *%2) /2.
SUWATT=SUWATT+UWATTS
CSAWATT=SAWATT+AWATTS

40 CONTINUE

" RETURN
END
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SUBROUTINE FRESNL{VsCXsSX)

DOUBLE PRECISION AFAC(12)-BFAC(12)-CFAC(12)'DFAC(12).
StIMA» SUMB» X» XFORy XFAC .

DATA AFAC/l.59576914o-17020—9|—6.8085688540-5763610-90
6-920691@02i-16898657D—9!"3.050#8566--.075752419-

+850663781+-,0256390411~. 15023096, . 0344047797
DATA BFAC/-sso-q.4.255387524.e9281OD—Q,—7.7aonzou.
~+009520895+5.075161298,=,138341947,~1.363729124,
=e4033492765 ,702222016+-,216195929, 019547031/
DATA CFAC/0D1+~.024933975,3936D=-9,57709560=0,
689892D~9,~94971360~9+ .011948809,~, 006748873,
24642N-8+2102967D~9,-,00121793,2339390-0/

DATA DFAC/'19947114;230—99-.009351341v23006D-9r48514660-9v
.0019032189".017122914a.029064067v—.027928955v.016497308;

~.005598515,.000838386/ :
Xz, 5%V¥Vx3,14150255 -
suMB=0,
SUMA=Q,
XFAC=1. |
IF (X GT. 6.) GOTO 4
XFOR=X/4,

DO 2 JU=1,12
SUMAZSUMA+XFACKAFACL U)
SUMB=SUMB+XFACKBFAC( J)

2 XFAC=XFAC®kXFOR

GOTO 8
4 XFOR=4,/X
DO 6 U=1,12
- SUMAZSUMA+ XFAC*CFAC { J)
SUMB=SUMB+XFACXDFAC ( J)
6 XFAC=XFACXXFOR
8 XFORzZSQRT(XFOR)
SUMA= SUMA* XF OR
SUMB=SUMB* XF OR
CX=DCOS{X)*SUMA+DSTN{ X) *SUMB
SX=DSING X5 4 5UMA=DCOSTK) #5UMB
IF (X .LE. 6.) GOTO 10
CX=CX+.5
5X=25X+.5
10 IF (V ,GE., 0.) GOTO 12
CXz==CX
SYz=-SX
12 RETURN
END
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